Performance limits of silicon MOSFETs are examined by a simple analytical theory augmented by self-consistent Schrödinger-Poisson simulations.
. × cm/s. The limiting on-current and transconductance are considerably higher than those deduced experimentally by a previous study of MOSFET's with channel lengths greater than 0.2 µm. At the same time, the transconductance to current ratio is substantially lower than that of a bipolar transistor. 
INTRODUCTION
As silicon technology advances, questions about ultimate performance limits arise. Toriumi et al. estimated performance limits by extrapolating measured results to the limits of zero channel length and zero oxide thickness [1] . Their results suggested that the electron saturation velocity and finite inversion layer capacitance set a limiting transconductance of about 3000 mS/mm. In this paper, we re-examine MOSFET limits by calculating the theoretical performance limits for an idealized, ballistic MOSFET using an approach similar to that of Natori [2] and our own recent work [3, 4] . For this study, we make use of self-consistent Schrödinger-Poisson simulations [5] to examine the validity of several simplifying assumptions made in earlier work. The results should be useful for assessing the performance potential of different transistors designs, for comparing measured device characteristics against ultimate limits, and for identifying important technological and theoretical issues for silicon transistors at the end of the roadmap [6] .
Before we begin, we should ask whether the ballistic limits discussed here are of concern for present-day devices. Hot electrons near the drain have a mean-free-path of only a few Angstroms, much shorter than the channel length of present-day MOSFETs. But when the performance of present-day MOSFETs is compared to the corresponding ballistic limits presented in this paper, we find that they operate at roughly 30-40% of the ballistic limit. The reason is that the steady-state on-current is controlled by a very short region near the source [3] . Once the mean-free-path (which is longer near the source) is comparable to the length of this critical region, quasi-ballistic transport occurs. This is analogous to transport in metal-semiconductor diodes, where the thermionic emission (ballistic) theory applies if the mean-free-path is longer than the distance over which the first k B T/q of potential drop occurs (the so-called Bethe condition). Current levels that approach the ballistic limit occur when the mean-free-path is comparable to the length of the critical region of the device; it does not have to be longer than the channel length itself.
In this paper, we examine the limiting performance of a device corresponding to the L = 100 nm node in the 1997 National Technology Roadmap for Semiconductors (NTRS) [6] . The device on-current, transconductance, and source-to-drain resistance will be examined in two limits, the ballistic limit (corresponding to the channel length approaching zero or the mean-free-path approaching infinity) and the zero oxide thickness limit. Although there are simplifying assumptions in the theoretical model, the results will indicate that the ultimate MOSFET limits are considerably higher than previously estimated and well above those currently achieved. On the other hand, the transconductance limit is well below that projected by Johnson, who argued that as the channel length and oxide thickness approach zero, the transconductance of a MOSFET should approach that of a bipolar transistor [7] . If projections like those to be described in this paper are done for devices at the end of the NTRS, they show that to achieve the performance targets called for, devices will have to operate significantly closer to their ultimate limits than today's devices.
Parasitic resistances and scattering at the oxide-silicon interface tend to increase as devices are scaled and will make it difficult to operate closer to the ballistic limits. New device designs are likely to be necessary to achieve device performance targets at the end of the NTRS.
THEORY
The ballistic current for a MOSFET is readily evaluated as described by Natori [2] and Datta [4] . A sketch of the derivation is presented in the appendix; the important results are summarized here. Figure 1 shows the geometry. Current flow is in the x-direction, the confining potential is in the y-direction, and the width of the transistor is in the z-direction. The drain current is sum of the contributions from each subband. The positive k x states are populated by injection from the source, and the negative k x states by injection from the drain. The drain current contributed by subband, i, is
where m Ci is the conductivity effective mass of subband, i, and ε i is the subband energy and
[ ] is the Fermi-Dirac integral of order one-half as defined by Blakemore [8] . Similarly, the electron density in subband, i, is
where m Di is the density of states effective mass for the subband. Under high drain bias, injection from the drain is suppressed, and the on-current can be written as
where
is the product of the non-degenerate thermal velocity, υ π
, and a correction factor for Fermi-Dirac statistics. For small drain biases, we find the drain-to-source conductance
The transconductance contributed by the ith subband,
is obtained by differentiating the drain current. In the limit that the oxide thickness approaches zero or its dielectric constant, infinity, there is no voltage drop across the oxide, and the limiting transconductance iŝ
where V S is the surface potential.
Equations (1) -(7) summarize the important formulas, which are essentially those of Natori [2] . (A sketch of their derivation is contained in the appendix.) Our work extends that of Natori by: (i) using self-consistent, one-dimensional Schrödinger-Poisson simulations to treat all relevant subbands, (ii) examining the t ox → 0 limit in addition to the ballistic limit, and (iii) making specific predictions for devices on the NTRS [6] . The analysis procedure begins with a self-consistent Schrödinger-Poisson simulation that determines the equilibrium Fermi energy and the subband energies for a given gate bias. The channel conductance can then be evaluated from eqn. (5) . To sweep out a common source characteristic, the inversion layer density is fixed at its equilibrium value for the given gate voltage, and eqn. (2) is solved for the Fermi energy at each drain bias. At each drain bias, the corresponding current is evaluated from eqn. (1) . Finally, by perturbing the gate bias, we also obtain the transconductances by numerical differentiation.
The Schrödinger-Poisson solver used in this work has been described previously [5] ; we summarize the essentials here. The one-electron Schrödinger equation is solved self-consistently with Poisson's equation with an effective potential included to treat exchange and correlation. We use the density functional theory of Hohenberg and Kohn [9] , and Kohn and Sham [10] , and the interpolation formula developed by Hedin and Lundqvist, which is accurate over a large density range [11] . We assume that the wavefunction goes to zero at the oxide-silicon interface. This assumption can be questioned for very thin oxides, but does not appear to significantly affect the results presented here. The poly-silicon gates are modeled as heavily-doped single-crystal silicon.
Electrons in the poly-silicon and holes in the substrate are treated classically assuming general Fermi-Dirac statistics.
Our one-dimensional treatment of MOS electrostatics implies a gradual channel approximation at the source and drain ends of the channel. The source end is at the top of a potential energy barrier, so the lateral electric field is zero and a one-dimensional treatment is reasonable. (The second derivative is non-zero, however, so two-dimensional effects such as drain-induced barrier lowering (DIBL) need to be accounted for separately.) At the drain end, the one-dimensional treatment can only be justified at low drain voltages, but when the voltage exceeds a few k B T/q, carrier injection from the drain is small, so the assumption has little effect on the drain current.
. RESULTS
The device examined was taken from the L = 100 nm node of the National Technology Roadmap for Semiconductors [6] . The oxide thickness is 1. 
where C eff , the total gate capacitance. For the metal gate results, the capacitance extracted from the slope of n S vs. V GS gives a capacitance about 25% less than the oxide capacitance due to wellknown carrier degeneracy and quantum mechanical confinement effects [5] . Polysilicon depletion further reduces the gate capacitance.
To examine the effect of having only the +k x states occupied, which will occur in a ballistic
MOSFET under a drain bias of a few k B T/q or greater, we reduced the two-dimensional density of states by a factor of two and performed the simulation again (dashed lines in Fig. 2 ). The results
show that even when only one-half of the states are occupied, the inversion layer density is very nearly the same. This occurs because of charge balance in the MOS system. As the negative half is suppressed by the increasing drain bias, the surface potential increases, pushing the Fermi level deeper into the conduction band, which increases n S and maintains charge balance. This is a kind of DIBL effect (drain induced barrier lowering) but it is not due to two-dimensional electrostatics but, rather, to the need to maintain charge balance in the one-dimensional electrostatics as the distribution function is distorted by the drain bias. There is only a small decrease in n S , which can be interpreted as a small reduction in the effective gate capacitance for the ballistic MOSFET. We conclude that when computing a common source characteristic, fixing the value of n S at its equilibrium value as V D varies, is a good approximation. Figure 3a shows the common source characteristics of the MOSFET as computed using eqn. (1) . For this computation, we evaluated n S in equilibrium for a given gate voltage, then fixed n S at the equilibrium value as V DS was swept from zero to the supply voltage. The ballistic drain current is seen to saturate at a drain bias of a few k B T/q, which is much lower than the saturation voltage of a typical MOSFET. Beyond the saturation voltage, the drain current is constant when two-dimensional electrostatics, which produces DIBL in a real device, is not treated. (Also shown in Fig. 3b is a common source characteristic showing the effects of DIBL, which effectively lowers V T , or raises V GS , as V DS increases.) Finally, the I DS -V DS characteristics clearly shows the detrimental effect of the polysilicon depletion on the drive current.
In Fig. 4 , we plot the ballistic I DS -V GS characteristic for the metal gate device at a supply voltage of V DS = V DD = 1.0 V. The drain current is proportional to inversion layer density times the thermal injection velocity. The inversion layer density is proportional to (V GS -V T ) as given by eqn. (8) . The thermal injection velocity [eqn. (4) Figure 4 indicates that the device is operating between these two limits.
Natori's analytical treatment assumed that only one subband was occupied [2] . Figure 5 shows that about 90% of the inversion layer density and drain current arises from electrons in the first subband. The fraction increases slightly as the gate voltage increases, because quantum confinement increases the energy spacing to the second subband, then decreases for high gate voltages as the first subband becomes degenerate. For this device, the one-subband approximation is adequate. Figure 6a shows the thermal injection velocity vs. gate voltage as obtained from the Schrödinger-Poisson simulation and eqn. (4). The thermal injection velocity is constant only in the nondegenerate regime, which occurs below threshold. Note that under on-current conditions, the thermal injection velocity approaches 2 10 7 × cm/s, as has been noted by Natori [2] . In Fig. 6b , we compare the thermal injection velocity to its degenerate limit. For this device, fully degenerate conditions do not occur.
If one describes the on-current by
then the upper limit for the average velocity at the source, υ( ) 0 , is the thermal injection velocity.
In practice, scattering will reduce υ( ) 0 below the thermal injection velocity [3] . In small transistors, strong velocity overshoot occurs within the channel. Through its influence on the selfconsistent channel potential, velocity overshoot affects the electric field at the source, and therefore carrier backscattering and consequently υ( ) 0 [3] . But velocity overshoot does not change the upper limit for υ( ) 0 .
The transconductance of the ballistic MOSFET is
If the second term is small, then the transconductance is a measure of the thermal injection velocity. / should approach the bipolar limit [7] . / is only about 5% of the bipolar limit -even for the assumed oxide thickness of 1.5 nm. In the limit that t ox approaches zero, we can evaluate the limiting transconductance, ĝ m from eqn. (7). The result is shown in Fig. 8b . Below threshold, ˆ/ g I m D is even closer to the bipolar limit. (It is a little lower because of the finite inversion layer thickness.) Above threshold, the ratio drops, but it is a sizable fraction of the bipolar limit. The limiting transconductance increases with surface potential; its maximum value will be set by the maximum surface potential that can be achieved. Finally, note that these results show that a hypothetical MOSFET with a gate insulator having an infinite dielectric constant (so that its electrical thickness is zero) and an infinite bandgap (so that there is no penetration of the wavefunction into the insulator), still delivers a lower transconductance than a corresponding bipolar transistor. In practice, tunneling through the gate insulator would further reduce performance, so that MOSFETs will always deliver considerably lower transconductance that bipolar transistors.
Finally, we examine the intrinsic drain to source resistance of the ballistic MOSFET.
Conventional MOSFET theory predicts a channel resistance that goes as the length of the channel, so in the ballistic limit, where L approaches zero, there should be no channel resistance. Equation (5), however, shows that the ballistic MOSFET has a finite resistance. This resistance, due to the finite number of transverse modes available to conduct current, is analogous to the h/2e 2 quantum contact resistance of a mesoscopic device [13] . It sets a lower limit for the resistance of a MOSFET, independent of contact technology. Figure 9 is a plot of the intrinsic resistance of the ballistic MOSFET. This gate-voltage dependent intrinsic resistance is large enough that it may have to be accounted for in analyzing experiments. A simple physical explanation for the finite resistance of the ballistic channel is that the net drain to source current is the difference between the current thermionically injected from the source and that thermionically injected from the drain. The current injected from the drain is lower by a factor of exp
in the non-degenerate limit.
At small drain biases, the exponential can be expanded, and we find that the net current is proportional to the drain voltage, which gives a finite resistance.
The computed performance limits for the L = 100 nm ballistic MOSFET are summarized below: . V and the drain voltage was 1.0V.
. DISCUSSION
The performance limits for the ballistic MOSFET presented in Table 1 are comfortably above the performance targets in the NTRS [6] . For example, the ballistic on-current is almost four times higher than the on-current target. Current-day devices operate at about the same percentage of the ballistic limit, so it appears that scaling current devices to the 100 nm node should be capable of producing the required on-current. If one looks further ahead, however, the gap between the ballistic limit and the performance target narrows. For example, for a model L = 50 nm devices with a 1.0 nm gate oxide and a power supply of 0.6V, the ballistic current is only 1.5 times the target on-current. This suggests that to meet the on-current targets with low power supply voltages, new device architechtures might be needed.
Operation at liquid nitrogen temperatures improves the performance of MOSFETs;
typically, the on-current increases by about 30% [14] . In the ballistic MOSFET, the on-current is determined by the thermal injection velocity, which may be expected to decrease at low temperatures. Table 2 shows the computed device performance parameters at T = 77K. Note that the on-current improves at low temperatures. The reason may be seen from Fig. 10 , which compares the thermal injection velocity vs. gate voltage at T = 300K and 77K. At low gate voltages, the inversion layer is nondegenerate, and the carrier velocity is considerably lower at 77K. Above threshold, however, carrier degeneracy, which raises υ inj , is stronger at low temperatures, so the injection velocity under maximum gate bias is actually higher at 77K than at 300K. Real devices don't operate at the ballistic limit, so the reduction in scattering at low temperatures further boosts the on-current. A quantitative analysis of the magnitude of the effect would also have to consider possible changes in the saturation drain voltage and in the parasitic resistances.
Metal 2700 4800 2 39 Table 2 . In practice, device performance will fall well below the ballistic limits projected here.
Series resistance will become increasingly important as the channel resistance decreases.
Scattering by phonons and at the oxide-silicon interface needs to be accommodated in a realistic theory. We have also neglected quantum mechanical reflections within the channel and from the drain and source, which may become significant as devices shrink. Our use of one-dimensional Schrödinger-Possion simulations for MOS electrostatics needs to be examined by 2D simulations of the same problem. Serious comparisons of the ballistic limit results with measured nanoscale device characteristics such as those reported in [14] may also help us understand the significance of such effects. This work is a prelude to that kind of serious comparison with experiment. It provides a clear, simple procedure to estimating upper limits, so that the performance of current devices and potential replacements can be gauged against performance limits.
The theoretical results reported here should be compared to those of Toriumi, Iwase, and
Yoshimi [1] who conducted a careful experimental study to establish performance limits by extrapolating measured results to zero channel length (which corresponds to our ballistic assumption) and zero oxide thickness. Toriumi et al. examined the transconductance,
where ĝ m is the transconductance in the limit of zero oxide thickness as defined by eqn. (7).
where C S is the semiconductor capacitance, eqn. (11) can be expressed as They found a limiting transconductance of ≈ 3000 mS/mm, which is significantly lower than the value we obtained. From the intercept of their plot, an effective inversion layer thickness of δ ≈ 3 6 . nm can also be inferred. The effective inversion layer thickness obtained from our selfconsistent, Schrödinger-Poisson simulation was much smaller, about 1.1nm. Note that the limiting transconductance, ĝ m , and the effective inversion layer thickness, δ, both depend on the surface potential. The lower ĝ m and larger δ observed by Toriumi et al. suggest that the experimental data were taken at lower surface potentials than assumed in the theoretical calculations. Series resistance causes the transconductance to peak at lower surface potentials and may explain the discrepancy between the theory and experiment.
SU M M A R Y
We presented a simple procedure for estimating the performance limits of silicon MOSFETs as channel lengths and oxide thicknesses approach zero. In addition to the ballistic limit current, the procedure also gives the ballistic limit transconductance and the channel resistance.
The procedure assumed a gradual channel approximation at the source end of the channel and then made use of one-dimensional Schrödinger-Poisson simulations of the MOS problem. (This approach misses important two-dimensional effects such as DIBL, which have to be added in separately.) We also treated the channel and drain as perfect absorbers for electrons injected from the source, which neglects quantum mechanical reflections that might occur in very small transistors. These issues should be addressed by more sophisticated simulations, but the approach presented here provides a clear conceptual way to think about transistor limits, and the simplifying assumptions are physically based and will provide, we believe, reasonable upper limits for device performance.
In agreement with a previous experimental study, we found that as the channel length approaches zero (or as the device becomes ballistic) the drain current and transconductance have a finite limit. We also found a finite channel resistance, even when the channel is ballistic. We found that the carrier velocity at the source end of the channel [ υ( ) 0 in eqn. cm/s in the ballistic limit. The MOSFET performance limits established here are well above those of current day devices and considerably higher than those deduced by Toriumi e t al. [1] . For example, the drive current targeted for the L = 100 nm node of the NTRS is only about one fourth of the ballistic limit current. Even for a 1.5 nm thin oxide, however, the transconductance to current ratio is only about 5% of the value for a bipolar transistor. As one looks further ahead, however, it appears that devices will have to operate significantly closer to the ballistic limit if the NTRS targets are to be met. The approach presented here should be useful in assessing new device designs as well as in understanding the performance limiting factors of present-day devices. Fig. 1 The assumed geometry of the ballistic MOSFET. Current flow is along the x-direction, the confinement potential varies in the y-direction, and the width of the device is along the z-direction. The ballistic injection velocity at the source vs. gate voltage, V GS , for the metal gate, ballistic MOSFET. Also shown is the injection velocity for the first subband alone.
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The ratio of the degenerate limit velocity to the actual injection velocity for electrons in the lowest subband vs. V GS . Fig. 7 The transconductance vs. V GS for the ballistic MOSFETs (solid lines). Also shown, is the product of C eff inj υ (dashed lines). The transconductance is seen to be higher than
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where A is a normalization area, To evaluate the source to drain resistance in the ballistic limit, note that for small drain-to-source
and the source to drain channel conductance becomes
which can be evaluated to find eqn. (5).
A common assumption in the analysis of MOS problems is to assume that only a single subband is occupied (e.g. Natori [2] ). The results of our study show that this assumption is, for the most part acceptable. In this case, the total carrier concentration is the first subband population,
and we may, therefore, solve eqn. (2) It is useful to examine the one-subband analytical results in the degenerate limit. In this case,
Notice that eqn. (A11) is the standard, equilibrium result for single spherical valley; it is actually a factor of two smaller because only +k x states are occupied, but then it is multiplied by two to account for valley degeneracy. Using the degenerate limit of the Fermi-Dirac integral,
the degenerate thermal injection velocity becomes,
Note that in the one-subband approximation, the thermal injection velocity is independent of temperature, if a fixed gate overdrive is maintained. Figure 10 shows that the injection velocity at high gate voltages is higher at 77K than at 300K. This occurs because at 300K, upper subbands are partially occupied, which lowers the average injection velocity somewhat.
The on-current is now readily evaluated from the product of n S and υ inj to find 
Finally, we can find the one-subband, channel conductance in the degenerate limit as 
where M = 0, 2, 4, 6, etc. because of the valley degeneracy. Equation (A17) is a familiar result in mesoscopic physics [9] . In the degenerate limit, each transverse mode contributes 2q 2 /h to the ballistic conductance. 
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